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INTRODUCTION 


In order for a laser fusion reactor to succeed in producing net 
energy gain high, gain pellets (G^.100) are necessary. This requirement 
for high gain imposes certain physics constraints. The pellet fuel must be 
efficiently imploded in a near-isentropic fashion to high final densities. 
From simple considerations the physics constraints on achieving high gain 
pellet performance are: 


- overall coupling efficiency ( 
least in the range of 7~10% 


^ absorption x ^hydrodynamic^ 


at 


- very little preheat (Tf ue j< ^F erm i) 

- very good implosion symmetry (AVV^ Ay l-2%) 

- no significant de-symmetrization caused by Rayleigh-Taylor instability. 

As was reported by our group two years agcvat the Innsbruck meeting, 
our experiments at high laser intensities (£10 ^ W/crn ) led us to 
conclude that pellet designs using shaped pulses rising to high inten¬ 
sities, at a one micron wavelength, did not look*promising for high gain 
because of problems with preheat and coupling. Accordingly, we 
decided to concentrate our efforts on investigating pellet concepts 
whiclji^emplo^ logger duration laser pulses at lower peak intensities 
(<10 W/cm ). * In this paper, we will report on the progress we 

have made in studying the key issues of coupling efficiency, preheat, 
symmetry and stability for this laser fusion concept. 


Rather than irradiate whole pellets for these physics studies, we use 
flat discs or foils (or multiple foils), irradiated from one side with typical 
laser spot sizes of 500Mm to 1000pm. To produce a more uniform intensity 
profile, the targets are placed in the "near field" of the laser rather 
than at focus. Flat targets have some advantage over pellets, as a 
first generation of experiments: 


Less laser energy can be used than would be necessary to 
irradiate spheres. 


- the back surface of the target is accessible for diagnostics. 

With a pellet, it is difficult to diagnose the interior much below 
the point where thermonuclear ignition occurrs: 
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This flat geometry also has several obvious disadvantages when com¬ 
pared to a symmetrically imploded shell: 

- edge effects may make it difficult to perform sufficiently one¬ 
dimensional experiments. 

- there may be anomalous preheat effects which would not be present 
in a spherical target. 

- small symmetry differences, which are important in implosions, 
may be difficult to measure in experiments which lack spherical 
convergence. 

This paper will address the progress we have made in overcoming 
and/or evaluating these difficulties in the context of the pellet physics. 

A number of results from these experiments have already been reported; 
we will summarize these results but will concentrate mainly on recent 
progress. 

OVERALL COUPLING EFFICIENCY 

The laser to target coupling efficiencies have been measured with an 
array of calorimeters of varj^us soijts; typically the laser absorption 
effici^jicy wa^ 9j)% at 3 x 10 W/cm irradiance and declined to 55% at 
7 x 10 W/cm,' ' with a laser pulse length of i-k nsec. Particle energy 
and momentum were measured, for both the front surface plasma and the 
ablatively accelerated material at the rear surface, using minicalori¬ 
meters and charge collectors. With these detectors good overall energy 
accounting and momentum balancfswas obtained and hydrodynamic efficiencies 
as high as 20% were obtained. Another method of detection was also 
attempted using ballistic pendula front and rear. Initially the pendulum 
results, while showing reasonable relative momentum balance, gave absolute 
momentum values considerably lower than the charge collector/minicalorimeter 
system. We have recently been successful in resolving this discrepancy 
with a series of double pendulum experiments, in which a second pendulum was 
used to measure the fraction of the incident particles which did not 
stick to the first pendulum, as well as mass ablated from the first pendulum. 
We believe that this is the first time that ballistic pendula have been 
accurately calibrated. The ballistic pendula results are now in quan¬ 
titative agreement with the results measured with charge collectors 
and particle calorimeters. The high overall coupling efficiency at lower 
irradiance, (55-90%) x (20%) —(11-18%), is encouraging for the laser fusion 
concept. 

We have also performed experiments to evaluate the question of 
edge effects, both by varying the spot size on slab targets while main¬ 
taining fixed irradiance and by using limited mass disc targets rather 
than slab targets. The conclusion of these experiments was that with 
small spots (.<300pm) edge effects were significant but they became less 
important as the spot size was increased and at a spot size of 1000pm 
or larger they were not a significant factor. Spot size does require 
laser energies of a Ifilojoujye in a 3ns pulse in order to reach irradiance. 
levels in the mid-10 W/cm' range. 



PREHEAT QUESTIONS 


To achieve high densities, the fuel must remain in a low isentrope 
during the spherical implosion. We have previously reported several 
results which., conf i rm that we are, in fact, ablatively accelerating 
material, * 'on a cold isentrope. These results included; X-ray spectral 
measurements from 2 keV to 50 keV which showed a notable lack of high 
energy ( 10 keV) X-rays; particle detectors; and direst.time-resolved mea¬ 
surements of the rear surface brightness temperature. ' Fast response 
(~1 ns) photomultipliers were used in conjunction with monochromators to 
give time resolved emission data in two spectral channels. The response 
of the two channels was also calibrated with a standard lamp, allowing a 
brightness temperature to be determined at the two wavelengths at any instant 
of time. Data such as shown in Figure 1 were obtained. 

While temperatures remained low during the laser pulse, there was 
still a question as to whether there was any preheating of the rear surface 
due to particles from the heated front surface streaming around the target. 

We optically imaged the target onto the slit of a fast optical streak 
camera and measured the space and time resolved rear surface emission. 
Streaming did not occur for large foil targets or for discs whose dimensions 
v/ere very large but for disc targets of about the same size as the 
laser spot, there was evidence of energy flowing around the disc. 

There are three mechanisms for heating the rear surface of slab 
targets at low intensities: soft x-rays, shocks and thermal conduction. 

That shock heating has a role was verified by comparing the time history 
of the rear surface temperature of a single 4pm A1 foil to another target 
with two A1 foils, one 3.5pm thick and the second 0.5um thick, separated 
by 200wn. The rear surface of the double target was significantly colder, in¬ 
dicating that shock heating was a significant effect for the single target 
of the same mass. These experiments appear capable of yielding important 
experimental data for pellet design on preheat effects. Comparison of the 
experimental results with calculations are in progress; the magnitude of 
the observed heating appears to be in reasonable agreement with preliminary 
calculations of what would be expected from these three mechanisms. 
Extrapolation to reactor-sized pellets indicate that fuel can be kept on 
a low isentrope (E ^ 4 Ep), using low laser irradiance. 

SYMMETRY QUESTION 


Symmetry of the implosion appears to be a serious remaining issue 
for low irradiance pellet designs. A limit on velocity asymmetry of only a 
few percent implies an ablation pressure uniformity of the same order. 

There are several issues involved in understanding the impact of symmetry 
on the viability of laser fusion pellet designs: 

- To what extent will the pressure profile in the ablation region 
reflect the laser intensity profile in the physically separated 
absorption region7 Will there be smoothing of irregularities in 
the laser pattern, in terms of the resulting pressure profile, and 
over what transverse scale length? 
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- How uniform a laser pattern can be produced on the target surface 
and over what transverse scale lengths can the profile be controlled? 

- Can diagnostics be developed for the disk experiments which will 
measure small, but significant, pressure and/or velocity gradients? 

We have previously reported the results of simple experiments which 
qualitatively show smoothing of irregulacjties in the illumination pattern 
on a transverse scale of lOOum or less.' 5 ' 

A schematic of the layout of the Pharos II laser system is shown 
in Figure 2. This laser has produced over one kilojoule in a 3-5 ns 
pulse with an overall driver efficiency of 0.2%. The laser performance is 
largely due to the use o£ high gain (514%/cm) neodymium phosphate glass 
in the disc amplifiers. ’ There are a number of features of this 
laser design which were incorporated with the specific intent of producing 
uniform illumination on millimeter size targets: 

- The energy density in the rod section of the laser is kept below 
50% of the saturation flux. This allows spatial shaping of the 
oscillator pulse by the gain profile in the rods without time de¬ 
pendent changes in pulse shape. 

- The beam is shaped by a hard or soft aperture after the final rod 
amplifier and this pattern is then sequentially relayed through the 
disc amplifiers and onto the focus lens. The propagation from the 
lens to target plane, including diffraction effects, was computed 
to generate a prescription for the spatial profile of the "soft" 
aperture. 

- Care was taken in the design and its execution to minimize phase 
errors. At full power, the "B" integral is of order unity, so small 
scale self-focusing effects are wholly absent and whole beam self- 
focusing amounts to only a dynamic shift of a/6 at the peak of the 
pulse. The residual phase errors were measured using wavefront shear¬ 
ing interferometry and found to consist primarily of one wave of 
spherical aberration. Tests with a prototype high power soft aperture 
showed a capability to compensate most of the spherical aberration as 
well as shaping of the amplitude profile. 

The relationship between the laser intensity pattern and the foil 
targets* rear surface velocity pattern was measured by spatially resolving 
the Doppler shift of a short (~0.5^ns) second harmonic probe pulse 
reflected from the rear surface. ' These early measurements showed smoothing 
of deliberately produced amplitude fluctuations but the technique was 
limited in two respects: 

- It could only track the velocity profile early in time because 
of the absorption of the probe light as the rear surface warmed 
up. 

- the Av/v resolution was relatively coarse, about 20%, because of 
the relatively small Doppler shifts and the probe bandwidth. 
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Fig. 2 — Optical layout of the Pharos II laser system. A Nd: YLF oscillator is used to match the phosphate gl»« amplifiers 
in wavelength. The orthogonally polarized 10.5 cm diameter beams out of the laser are expanded to 20 cm diameter by 
the final relay and combined using a dielectric polarizer. They are focused onto the target with an F/6 aspheric lens. 







We have recently developed a diagnostic technique which circumvents 
both of these problems. A second foil is placed behind the first foil 
and the light emission is recorded from the second foil as it is impulsively 
accelerated by the first foil. In a separate experiment it was verified 
that this emission coincides in time with the time when the second foil 
begins to move. Sections of the first target which are ablatively accelerated 
to lower velocities will impact later and the streak record will provide 
a direct record of v(r,t). By varying the separation of the two foils, 
the impact time can be chosen to be any time during or after the laser 
pulse. This diagnostic technique is in use to measure the sideways 
thermal conduction as a function of irradiance. As the irradiance is 
increased irregularities in the laser profile should be smoothed more 
effectively both by thermal conduction and an increase in the physical 
separation of absorption and ablation regions. The data shown in Figure 
3 would seem to indicate that this is the case. The laser was operated 
at enemies o£ 200J and AOO^-in 4n| which produced average irradiances of 
6 x 10 W/crn and 1.2 x 10 3 W/cm for the two cases with the center 
of the beam masked by a strip of paper in both cases. This produced a 
pattern on target with a 7:1 intensity ratio. The streak record of the 
rear surface luminosity in the low irradiance case would indicate some 
smoothing but there was still a 2:1 velocity difference between the high 
intensity and low intensity regions. At the higher irradiance the 
smoothing is clearly better. 

These results, while encouraging, are preliminary. They do indicate, 
however, that it appears possible to address the symmetry issue experi¬ 
mentally in flat target experiments. 

OVERVIEW ON THEORETICAL INVESTIGATIONS OF STABILITY 

In the theoretical area, substantial effort has gone into understanding 
the Rayleigh-Taylor instability and related but distinct asymmetry problems 
for spherical implosions. A fundamental concern for inertial confinement 
fusion is the severe energy penalties one must be willing to pay to design 
conservatively. There are four different circumstances where desymmetrizing 
instabilities can grow: in the ablation layer, at internal interfaces where 
materials of different density abut, at the buffer-shell interfaces which 
occur in multiple-shell pellets, and where the core shocks interact with 
density gradients and the pusher interface. To study ablation laye^ Rayleigh- 
Taylor modes we have used a fully nonlinear Eulerian computer model and have 
developed special analytic and numerical tools to carry out meaningful 
resolved piggyback calculations of Rayleigh-Taylor growth for an analytically 
determined "quasi-static" equilibrium. To perform internal layer analyses 
we use a Lagrangian hydrodynamic model based on a two dimensional dynamically 
reconnectable grid of triangles. To study imploding shock stability we 
use a computational model based on the Chester-Chisnel1-Whitham (CCW) 
approximation 3 and have discovered a class of closed-form theoretical 
self-similar one-dimensional models. Principal results include the 
discovery of Rayleigh-Taylor stable regimes for low-intensity laser- 
driven ablation; the simulations of the two layer pusher-fuel mix problem 
and the three-layer mix problem (a light fuel layer is separated from a 
denser pusher shell by a thin but very dense heat shield layer) and the 
definitive of a wide range of stability and symmetry issues related 
to shock col lapse. 















INVESTIGATION OF THE STABILITY OF LASER-DRIVEN ABLATION LAYERS 


Previous authors have investiga|gd steady-state models for 1 |he 
ablation layer of laser-driven foils and spherical implosions an ^2 
have considered the hydrodynamic stability of a laser-driven plasma. 

Since the density and pressure gradients are opposite in sign in these 
ablation layers simple but incomplete analysis predicts that perturbations 
may grow exponentially there. Our earlier research into the "quasi-static” 
(time independent) ablation^layer profiles has identified two distinct 
types of pressure profiles. In the first case the pressure profile has 
the intuitively expected turning point and yields a very narrow region 
( /v, .1pm) where the density and pressure gradients are opposite in sign. 

In the second case the pressure profile does not turn over and continues 
to increase out to the critical surface. Here the region where the 
density and pressure gradients are oiposite in sign is quite broad (~100pm). 
Afanasyev et al. have noted that the width of this region with opposed 
gradients can affect the growth rate of perturbations. In Reference 1 
we pointed out the dilemmas encountered in attempting to properly treat 
the stability analysis for both theoretical and numerical calculations. 

In theoretical studies it is difficult to include the effects of convection, 
while in simulations the problem is sufficient resolution. In fact, 
simulations with rather poor resolution of the region with opposed 
gradients are seen to be Rayleigh-Taylor-unstable, but when the resolution 
is improved the growth rate becomes dramatically reduced. To date, limits 
of practicality have kept us from performing large scale, fully time 
dependent calculations with what we would consider to be the proper reso¬ 
lution. Previous piggyback calculations where a time-dependent per¬ 
turbation is applied to a zeroth order equilibrium have attempted to 
solve this dilemma, but we are unaware of any with sufficient resolution 
from which to draw definite stability conclusions. A new piggyback 
formulation, the vorticity generation model has provided us with a 
mechanism for adding convection to our theoretical analyses and permits 
high enough resolution for an accurate assessment of stability for these 
and various other types of time-independent and time-dependent equilibria 
This formulation is especially convenient for both analytic and numerical 
analyses since it does not require calculation of the pressure perturbation. 

We have applied the VGM to various test problem^ and to "quasi-static" 
equilibria for CH foils irradiated at 10 W/cm . We have discovered that 
equilibria with a narrow region of opposed gradients are Rayleigh-Taylor- 
stable while equilibria with a broad region are Rayleigh-Taylor-unstable. 

We have also used fully non-linear Eulerian and Lagrangian time-dependent 
models to calculate the slow evolution of these two types of "quasi-static" 
equilibria. At constant intensity "quasi-static" equilibria with a narrow 
region of opposed gradients tend to retain this character, while "quasi-static" 
equilibria with a broad unstable region evolve one-dimensionally into pro¬ 
files with a much narrower potentially destabilizing region. Figure 4 
shows the temporal evolution of these two types of equilibria. This 
encouraging result implies that configurations which are unstable to 
Rayleigh-Taylor modes in the ablation layer evolve toward stabler equilibria. 
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Temporal evolution of the two types of “quasi-static” equilibria with the same shell entropy. 





















INVESTIGATION OF THE INTERIOR LAYER RAYLEIGH-TAYLOR INSTABILITY 


The interior layer Rayleigh-Taylor problem can occur at many 
different times and locations during the implosion of a complicated 
multiple shell target. The pre-ignition mix problem is the most 
familiar situation. As the fuel compresses up to its final density, 
the pusher decelerates to provide the compressional energy. Since the 
pusher density exceeds that of the fuel, the interface becomes unstable 
as soon as the acceleration due to convergence gives way to compressional 
deceleration. A three-layer mix problem also arises where a light fuel 
layer is separated from a denser pusher shell by a thin but very dense 
heat shield layer. In this three-layer problem short wavelength pertur¬ 
bations permit the upper and lower surfaces of the heat shield to move 
independently, so Rayleigh-Taylor instability can result even though 
overall stability is expected at long wavelength. In order to investigate 
the nonlinear regime of the Rayleigh-Taylor instability for these two- 
and three-layer mix problems we have developed a Lagrangian model which 
bases its fluid representation on a two-dimensional dynamically recon- 
nectable grid of triangles. 

Several flow features illustrated in Figure 5 are common to all 
simulations of the Rayleigh-Taylor instability performed with this 
model. First, the dense spike of fluid never attains a "free-fall" 
penetration rate because of the high efficiency of the vortex pair 
in transforming the downward vertical motion of the bottom of the 
spike into a lateral, spreading motion and, eventually, mixing in the 
vortices. Second, since the Helmholtz vortices dominate only after 
some amplitude a/* is attained, the penetration rate in the nonlinear 
regime may depend on wavelength. Third, the secondary Helmholtz 
vortexes tend to further mix the already distorted interface, but the 
nonlinear flow is dominated by the original vortex pair. Fourth, both 
primary and secondary vortices appear to have little effect on mixing 
at the stable interface, and a bridge of dense fluid thins but 
remains stable. A heat shield would thin appreciably, but remain 
integral well into the nonlinear regime despite large mixing of the 
spike. Finally, the jetting which forms above the descending spike 
seems to be the primary means of mixing across the stable interface. 

This jet arises from the formation of a stagnation point at the junction 
of the flow into the spike from the upraised bridges to either side. 

The jet eventually collapses as the bridges then, form bubbles 
of trapped fuel. 
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The critical consideration for achieving a high degree of compression 
in a spherical implosion is to determine the symmetry requirements on the 
driver by finding the degree of symmetry that can be maintained during 
the implosion process. The motion of a converging shock wave can be 
computed with great accuracy by considering only the changes in the 
physical variables across the shock front and ignoring the motion behind 
the front. The shock front moves normal to the shock surface, so 
it may be treated as locally one-dimensional flow down a channel whose 
boundaries are determined by the trajectories of the shock front. These 
trajectories form imaginary ray tubes whose cross-sectional area may be 
related to the Mach number by the CCW approximation. Using this approximati 
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we have investigated a wide range of stability and symmetry issues 
related to shock collapse. For instance, we need to know how large 
the initial perturbations may be even for stable modes since the 
perturbation amplitude may not go to zero as fast as the average radius. 

The concept of stability in the sense of an exponentially growing or decaying 
perturbation does not apply to this particular problem. Also, for a given 
set of wavelengths, Mach number, and initial radius, can the collapse 
of the shock be timed so that the amplitude of any particular oscillating 
perturbation is near zero at the instant of collapse? The superposition 
of (individually) unstable modes may then be stabilized non linearly. Using 
our model, Figure 6 summarizes pictorally the temporal evolution of 
8th order Legendre polynominal perturbations to a spherical shock, 
with amplitudes of 5% and 10% respectively. As the shock collapses toward 
the origin (from right to left with increasing time), the amplitude of 
the 10% perturbation seems to grow relative to the radius. After implosion 
by a factor of 5:1, the 10% perturbation become contorted whereas the 
5% perburbation is still behaving within acceptable bounds. We have 
also investigated the stability of the special case of the Guderley solu¬ 
tion for strong spherical shocks imploding into a medium having 
a power-law density profile. For each choice of the adiabatic index y, 
there is a unique power-law target density profile for which the flow behind 
the shock is uniform (radial velocity proportional to radius). The 
linearized equations of motion separate completely in Lagrangian variables, 
yielding an exact solution which predicts instability for this class of 
implosion. The CCW approximation gives essentially the same result for 
the case of uniform density ahead of the shock (power-law with zero 
exponent), while for the case of a power-law with increasing density 
ahead of the shock it predicts a reduction in the growth rate (result 
valid for arbitrary y). 







.0 


RADIOS 


I 


Fig. 6 — Solution using the C-C-W approximation for shock collapse 
of a spherical shock with an 8th order Legendre polynominal pertur¬ 
bation of 5% and 10% amplitude. The 5% perturbation becomes 
mailer at the same rate as the average radius remaining within 
acceptable bounds, while the 10% perturbation seems to grow 
relative to the average radius indicating an unstable behavior. 
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